INTRODUCTION
Soil salinity is a widespread abiotic stress with significant agricultural impact, as it severely reduces plant growth and crop productivity worldwide. The evolutionarily conserved Salt Overly Sensitive (SOS) pathway regulates sodium ion homeostasis during salt stress. SOS1, SOS2, and SOS3, the three major components of the pathway, were initially identified in Arabidopsis thaliana using forward genetic screens to isolate mutants with increased sensitivity to salt . Cloning of the genes and characterization of their protein activities have identified SOS3 as a calcium binding protein with four EF hands , SOS2 as a protein kinase , and SOS1 as a plasma membrane (PM)-localized Na + /H + antiporter Qiu et al., 2002) . SOS3 physically interacts with SOS2 via a FISL/NAF motif in the SOS2 C-terminal regulatory domain and recruits SOS2 to the PM, activating SOS2 in a calciumdependent manner Albrecht et al., 2001; Guo et al., 2001; Quintero et al., 2002) . Localization of the SOS3-SOS2 complex to the PM requires the N-myristoylation of SOS3 at a seven-amino acid consensus motif, MGXXXS/T(K) Batisti c et al., 2008) . This complex activates SOS1 by directly phosphorylating its C-terminal autoinhibitory domain (Qiu et al., 2002; Quintero et al., 2002 Quintero et al., , 2011 .
Numerous studies have revealed how components of the SOS pathway are regulated during growth during salt stress exposure. SOS3-Like Calcium Binding Protein8 (SCaBP8)/Calcineurin B-Like10 (CBL10) is also critical for SOS2 activation Quan et al., 2007) . SCaBP8 is mainly expressed in and functions in the shoot, while SOS3 functions in the root. Both proteins share properties in terms of the regulation of SOS2: they interact with the SOS2 FISL motif, activate SOS2 in a calciumdependent manner, recruit SOS2 to the PM, and activate SOS1. One difference between the two proteins is the absence of an N-myristoylation motif in SCaBP8 compared with the N-myristoylation of SOS3 (Lin et al., 2009 ). The phosphorylation of SCaBP8 takes place at the PM and enhances the interaction of SCaBP8 and SOS2 in planta (Lin et al., 2009; Du et al., 2011) .
In addition to SOS1, downstream targets of SOS2 include an H + /Ca 2+ antiporter, a tonoplast H + -ATPase, and a tonoplast Na + /H + antiporter (Cheng et al., 2004; Qiu et al., 2004; Batelli et al., 2007) . Furthermore, SOS2 has been shown to interact with a protein phosphatase 2C, Nucleoside Diphosphate Kinase2, the catalases CAT2 and CAT3, and the flowering time regulator GIGANTEA (GI) (Ohta et al., 2003; Verslues et al., 2007; Kim et al., 2013) , linking SOS2 to diverse signaling pathways.
Additional proteins have also been implicated in the regulation of the SOS1 Na + /H + antiport activity. For example, a recent study reported that salt (NaCl)-induced phosphatidic acid binds to and activates Mitogen-Activated Protein Kinase6, which in turn phosphorylates the C terminus of SOS1 (Yu et al., 2010) . In addition, a reactive oxygen species (ROS) signal has been shown to be required for the regulation of Na + /H + antiport activity (Leshem et al., 2006; Verslues et al., 2007; Jiang et al., 2012; Zhou et al., 2012) . Consistent with these observations, ROS modulates SOS1 mRNA stability (Chung et al., 2008) and SOS1 interacts with a ROS regulator, Radical-Induced Cell Death1 (Katiyar-Agarwal et al., 2006) . Moreover, the transporter HKT1 has also been reported to be important for regulating Na + / H + antiport activity (Rus et al., 2001; Berthomieu et al., 2003; Horie et al., 2006; Møller et al., 2009) .
Together, these studies consistently support a model in which the SOS pathway is specifically activated when plants are challenged by salt stress (Zhu, 2003; Lin et al., 2009 ). However, the mechanisms that underlie SOS pathway regulation or repression in the absence of salt are only partially understood. Recently, it was reported that GI prevents the phosphorylation of SOS1 by SOS2 in the absence of salt stress (Kim et al., 2013) .
General Regulatory Factor/14-3-3 proteins are highly conserved in eukaryotes and function in almost all aspects of plant growth and development, including abiotic and biotic stress responses, stomatal opening, primary metabolism, hormone signaling, growth, and cell division (reviewed in Oecking and Jaspert, 2009; Denison et al., 2011; Tseng et al., 2012) . The Arabidopsis genome encodes 13 14-3-3 proteins that interact with various target proteins, including kinases, transcription factors, structural proteins, ion channels, and other enzymes (Denison et al., 2011 ). 14-3-3 proteins bind to phosphorylated proteins and transduce the phosphorylation signals to targets by affecting protein-protein interactions, protein activity, stability, conformation, and localization. Three sequence-specific motifs, RSxpSxP, RSxxpSxP, and YpT, are common phosphorylated peptides for 14-3-3 binding; however, 14-3-3 proteins also interact with proteins without these conserved motifs (Paul et al., 2012) . Phosphorylation-independent interactions with 14-3-3 proteins have also been reported (Wang et al., 1999; Fuglsang et al., 2003) .
In this study, we report that two 14-3-3 proteins interact with and repress SOS2 activity to inhibit the SOS pathway in plants grown in the absence of salt stress and that sodium reduces the interaction between the 14-3-3 proteins and SOS2, leading to activation of the SOS pathway for salt tolerance.
RESULTS

SOS2 Interacts with 14-3-3 l in Planta
We previously reported that salt stress induces the phosphorylation of SCaBP8 by SOS2 in Arabidopsis (Lin et al., 2009) . To investigate if SOS2 kinase activity is regulated by salt stress, Pro35S:63Myc-SOS2 transgenic plants in the sos2-2 mutant background (Lin et al., 2009) were left untreated (control) or treated with 100 mM NaCl for 3 h. Myc-SOS2 was immunoprecipitated with anti-Myc antibodyconjugated agarose and then used for in vitro kinase assays with recombinant GLUTATHIONE S-TRANSFERASE (GST)-tagged SCaBP8 as the substrate. SOS2 kinase activity was low in the control-treated sample but was induced upon exposure to NaCl ( Figure 1A ). To elucidate the mechanism by which SOS2 kinase activity is regulated, we used Pro35S:Flag-HA-SOS2 transgenic plants in the sos2-2 background (in which the transgene was previously shown to rescue the sos2 mutant salt-sensitive phenotype) (Lin et al., 2009 ) to identify SOS2-interacting proteins. A T3 homozygous line was germinated and grown on Murashige and Skoog medium using normal nutrients ( 14 N) or isotopic nutrients ( 15 N). Ten-day-old plants labeled with 15 N were treated with 100 mM NaCl for 24 h, and plants labeled with 14 N were treated with water. An equal amount of total protein from both treatments was combined, and Flag-HEMAGGLUTININ (HA)-SOS2 was immunoprecipitated with anti-Flag antibody-conjugated agarose. The Flag epitope was then cleaved off, and anti-HA antibodyconjugated agarose was used for HA-SOS2 immunoprecipitation from the resulting supernatant. Agarose-bound HA-SOS2 was eluted from HA agarose using an HA peptide. After this two-step purification, SOS2 and its interacting proteins were enriched and analyzed by mass spectrometry (MS). One putative SOS2-interacting protein, 14-3-3 l, exhibited higher tandem MS read values without NaCl compared with those with NaCl treatment. To verify this interaction, Pro35S:63Myc-SOS2 and Pro35S:Flag-HA-14-3-3 l individually or in combination were expressed in Arabidopsis leaf protoplasts. SOS2 was immunoprecipitated with anti-C-Myc antibody-conjugated agarose, and 14-3-3 l was detected using immunoblot assays with anti-Flag antibody. These experiments revealed that 14-3-3 l was immunoprecipitated with SOS2 ( Figure 1B ). When Pro35S:63Myc-14-3-3 l and the Pro35S: Flag-HA-SOS1 C terminus were coexpressed in Arabidopsis leaf protoplasts for coimmunoprecipitation analysis, 14-3-3 l did not immunoprecipitate the SOS1 C terminus (Supplemental Figure 1A) or vice versa (Supplemental Figure 1B) . These data support the specificity of the observed interaction of SOS2 and 14-3-3 l.
To further confirm this interaction in planta, 14-3-3 l-specific antibodies were generated by immunizing mice with Escherichia coli-expressed polyhistidine-tagged 14-3-3 l. To evaluate the specificity of the antibodies, Columbia-0 (Col-0) and the 14-3-3 l and k knockdown mutants (14-3-3 k is the closest homolog of 14-3-3 l) (Supplemental Figures 2A, 2B , and 2D) were used for immunoblot analysis. Total proteins were extracted from 10-d-old wild-type and single and double mutant seedlings and analyzed by immunoblots with 14-3-3 l antibodies. Strong cross-reaction was detected in Col-0 and the 14-3-3 k mutant, weak crossreaction was detected in the 14-3-3 l mutant, and no cross-reaction was detected in the 14-3-3 l k double mutant (Supplemental Figure 2C ). Subsequently, Pro35S:Flag-HA-SOS2 transgenic plants were left untreated or treated with 100 mM NaCl for 16 h, and then Flag-HA-SOS2 was immunoprecipitated with anti-HA antibody-conjugated agarose. The precipitated proteins were analyzed by immunoblot analysis with anti-14-3-3 l antibodies. Consistent with the tandem MS results, SOS2 pulled down 14-3-3 l in vivo, and this interaction was reduced with salt treatment, suggesting that salt stress decreases the interaction between SOS2 and 14-3-3 l ( Figure 1C) .
Finally, binary constructs YFP N -SOS2 and YFP C -14-3-3 l were generated for bimolecular fluorescence complementation 2 of 17
The Plant Cell analysis in Nicotiana benthamiana. Plasmids of YFP N -SOS2 and YFP C -14-3-3 l or YFP N -SOS2 and the YFP C vector were cotransformed into N. benthamiana leaves by Agrobacterium tumefaciens-mediated transformation. Four days after transformation, the yellow fluorescent protein (YFP) fluorescence signal was detected in leaves transiently expressing the YFP N -SOS2 and YFP C -14-3-3 l constructs but not in leaves expressing YFP N -SOS2 or the YFP C vector ( Figure 1D ). Together, these results demonstrate that SOS2 and 14-3-3 l interact in planta and that this interaction is reduced by salt stress.
14-3-3 l Represses SOS2 Kinase Activity
Salt stress leads to an increase in SOS2 kinase activity and simultaneously to a reduction in the interaction between SOS2 and 14-3-3 l ( Figures 1A and 1C) . Therefore, we reasoned that 14-3-3 l may repress SOS2 activity in the absence of salt stress and that the addition of sodium may induce disassociation of 14-3-3 l from SOS2 and allow for SOS2 kinase activation. Since among the 13 members of the 14-3-3 family in Arabidopsis, 14-3-3 l and 14-3-3 k share the highest sequence similarity (Supplemental Figure 2D) , we also included 14-3-3 k in our experiments to investigate the potential regulation of SOS2 activity by 14-3-3 proteins. GST-tagged SOS2 and polyhistidine-tagged 14-3-3 l and 14-3-3 k were purified from E. coli and used in in vitro kinase assays. Both 14-3-3 l and 14-3-3 k partially repressed the SOS2 transphosphorylation activity of Myelin Basic Protein (MBP), while autophosphorylation was not altered (Figure 2A ; Supplemental Figure 3A ). This reduction in transphosphorylation activity was enhanced with increasing amounts of added 14-3-3 protein ( Figure 2B ; Supplemental Figure 3B ). To confirm that the observed repression is caused by 14-3-3 l and not simply by an increase in the total amount of protein in the assay or by substances derived from the polyhistidine-tagged protein purification process, we tested the effect of the unrelated cytoplasm-located polyhistidinetagged Arabidopsis Actin-Depolymerizing Factor4 (ADF4) on SOS2. This protein did not repress SOS2 autophosphorylation or transphosphorylation activity in vitro ( Figure 2C ; Supplemental Figure 3C ). A previous study showed that SOS2 phosphorylates SCaBP8 during salt stress in vivo (Lin et al., 2009) , and SOS2 is activated by NaCl treatment ( Figure 1A ). To determine if recombinant 14-3-3 proteins can also repress SOS2 activity when SOS2 is immunoprecipitated from plants, we conducted kinase assays using immunoprecipitated Myc-tagged SOS2 and polyhistidine-tagged 14-3-3 l. Phosphorylation of SCaBP8 by Myc-SOS2 was repressed by 14-3-3 l, and this repression was 14-3-3 protein concentration dependent (Figures 2D and 2E; Supplemental Figure 3D ). To investigate whether 14-3-3 proteins modulate the regulation of SOS1 by SOS2, we first performed comparative in vitro phosphorylation assays using the SOS1 C terminus (amino acids 848 to 1146) as a substrate for SOS2. In kinase assays using recombinant maltose binding protein-tagged SOS1 C terminus purified from E. coli, we observed efficient phosphorylation of SOS1 by SOS2 ( Figure 2F ). However, the addition of either 14-3-3 l or 14-3-3 k significantly reduced the phosphorylation of the SOS1 C terminus by SOS2, while the autophosphorylation of SOS2 was not affected ( Figure 2F ; Supplemental Figure 3E ). Also, the inhibition of SOS1 phosphorylation by 14-3-3 proteins appeared to be dose dependent, since increasing amounts of added 14-3-3 proteins further reduced phosphorylation ( Figure 2F ; Supplemental Figure 3E ). These results indicate that 14-3-3 l and 14-3-3 k function as modulators of the SOS pathway by directly repressing SOS2 transphosphorylation activity.
Salt Stress Reduces the Interaction between 14-3-3 l and SOS2 and Releases SOS2 Activity
To investigate the function of 14-3-3 proteins in the SOS pathway and determine how salt stress affects the interaction of 14-3-3 (A) SOS2 kinase assay. SOS2 was immunoprecipitated from sos2-2 Pro35S:63Myc-SOS2 plants grown in the absence (2) or presence (+) of salt and used in in vitro kinase assays with GST-SCaBP8 as substrate. IB, immunoblot; CBB, Coomassie Brilliant Blue; Autorad, autoradiograph. Experimental details are provided in Methods.
(B) Analysis of the SOS2 and 14-3-3 l interaction in Arabidopsis leaf protoplasts. Purified Pro35S:63Myc-SOS2 and Pro35S:Flag-HA-14-3-3 l plasmids were cotransformed into Arabidopsis leaf protoplasts. Transiently expressed proteins were immunoprecipitated with anti-C-Myc antibody-conjugated agarose. Immunoblot assays with anti-C-Myc and anti-Flag antibodies were used to detect Myc-SOS2 and SOS2-interacting 14-3-3 l, respectively. As a control, Myc-SOS2 or Flag-14-3-3 l was transiently expressed in Arabidopsis leaf protoplasts and purified with anti-C-Myc or anti-Flag antibody-conjugated agarose, respectively. Anti-C-Myc and anti-Flag antibodies were used to detect immunoprecipitated Myc-SOS2 and Flag-14-3-3 l, respectively. Experimental details are provided in Methods. IP, immunoprecipitation. (C) In vivo pull-down assay to analyze the SOS2 and 14-3-3 l interaction. Ten-day-old Pro35S:Flag-HA-SOS2 transgenic seedlings were treated with water or 100 mM NaCl for 16 h, and then Flag-HA-SOS2 was immunoprecipitated with anti-HA antibody-conjugated agarose. The immunoprecipitated proteins were analyzed by immunoblot using anti-Flag and anti-14-3-3 l antibodies. (D) Bimolecular fluorescence complementation analysis in N. benthamiana. Plasmids containing Pro35S:YFP N -SOS2 and Pro35S:YFP C -14-3-3 l or Pro35S:YFP N -SOS2 and Pro35S:YFP C were transiently cotransformed into N. benthamiana leaves. The YFP fluorescence signal was detected using a Zeiss LSM 510 META confocal microscope. Experimental details are provided in Methods. Bar = 50 mm.
and SOS2 in vivo, we performed a series of experiments that monitored the interaction between 14-3-3 l and SOS2 at different time points during salt stress exposure. Pro35S:Flag-HA-SOS2 transgenic plants were left untreated or treated with 100 mM NaCl for 12, 24, or 36 h, and then Flag-HA-SOS2 was immunoprecipitated with anti-HA antibody-conjugated agarose and coimmunoprecipitating proteins were probed with anti-14-3-3 l antibodies. This experiment revealed a time-dependent reduction in the interaction between 14-3-3 l and SOS2 during salt stress ( Figure 3A) .
To determine if the disassociation of 14-3-3 proteins from SOS2 correlates with the activation of SOS2 during salt stress in planta, antibodies for SCaBP8 phosphoserine-237 (Lin et al., 2009 ) were used to monitor the phosphorylation status of SCaBP8 as a measure of SOS2 kinase activity. The Pro35S:63Myc-SCaBP8 construct was transformed into Col-0 and the 14-3-3 l k double mutant (Supplemental Figure 2B) , in which no accumulation of 14-3-3 l was detected (Supplemental Figure 2C ). Ten-day-old T3 transgenic seedlings were left untreated or treated with 100 mM NaCl for 12 h, and Myc-SCaBP8 proteins were immunoprecipitated with anti-CMyc antibody-conjugated agarose. The resulting Myc-SCaBP8 proteins were analyzed by immunoblot analysis with anti-C-Myc or anti-phosphoserine-237-SCaBP8 antibodies. Consistent with previous results (Lin et al., 2009 ), phosphorylation of SCaBP8 was induced in Col-0 by salt stress; however, the degree of phosphorylation of SCaBP8 in the 14-3-3 l k double mutant was much higher than that in the wild type before NaCl treatment, and salt treatment did not further enhance this phosphorylation ( Figure  3B ). To further evaluate the effect of the 14-3-3 proteins on SOS2 activity in vivo, Pro35S:63Myc-SOS2 was transformed into the 14-3-3 l k double mutant background. Ten-day-old T3 transgenic seedlings were left untreated or treated with 100 mM NaCl for 12 h, and Myc-SOS2 was immunoprecipitated. The resulting proteins were incubated in an in vitro kinase assay with recombinant GST-tagged SCaBP8 as substrate. In the wild-type background, SOS2 transphosphorylation activity was very low in control conditions and induced by NaCl treatment. However, in the 14-3-3 l k double mutant, SOS2 was significantly activated even without salt treatment ( Figures 3C and 3D ). These results indicate that 14-3-3 proteins interact with SOS2 in vivo in the absence of salt, thereby repressing SOS2 transphosphorylation activity that would otherwise be constitutively activated. Upon exposure of plants to salt stress, the 14-3-3 proteins disassociate from SOS2 
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The Plant Cell and release the suppression of SOS2 activity. Together, these results identify an important regulatory mechanism in which the binding of 14-3-3 proteins in nonstressed conditions keeps SOS2 activity at a basal level but allows for activation by dissociation upon exposure to stress.
14-3-3 l and k Negatively Regulate Salt Tolerance in Arabidopsis
To determine the tissue-specific expression of 14-3-3 l in Arabidopsis, a 2000-bp DNA fragment upstream of the 14-3-3 l translation start site (ATG) was fused to the b-GLUCURONIDASE (GUS) reporter gene. The resulting construct was transformed into the Col-0 background. Twenty independent T2 transgenic lines were analyzed for GUS staining. GUS expression driven by the 14-3-3 l promoter was detected throughout the plant (Supplemental Figures 4A to 4G ). The root tip displayed enhanced GUS expression (Supplemental Figure 4B ), which is consistent with the previously reported expression pattern of SOS2 (Quan et al., 2007) . In agreement with the promoter-GUS results, when total proteins were extracted from roots, stems, rosette leaves, cauline leaves, flowers, and siliques of wild-type plants and analyzed by immunoblots using 14-3-3 l antibodies, 14-3-3 l protein accumulation was ubiquitously detected in all tissues (Supplemental Figure 4H ). To determine the subcellular localization of 14-3-3 l, Pro35S:GFP-14-3-3 l and Pro35S:YFP-SOS2 transgenic plants were generated. As reported previously, YFP-SOS2 fluorescence was detected at the plasma membrane as well as in the cytosol and nucleus (Quan et al., 2007; Batisti c et al., 2010) ; GFP-14-3-3 l exhibited the same localization pattern (Supplemental Figure 4I ). We next determined whether loss of function of 14-3-3 l or 14-3-3 k affects salt tolerance in Arabidopsis plants. Threeweek-old Col-0 and 14-3-3 l k double mutant seedlings grown in soil under short-day conditions were treated with 150 mM NaCl for 2 weeks. Leaves of the salt-treated 14-3-3 l k double mutant were greener than those of Col-0 ( Figure 4A ), and chlorophyll content in the double mutant was also significantly higher ( Figure 4B ), while no significant growth difference was observed between wild-type and 14-3-3 l k double mutant seedlings grown under control conditions ( Figures 4A and 4B ). We next generated Pro35S:Flag-HA-14-3-3 l transgenic plants in the Col-0 background to overexpress 14-3-3 l. Two T3 transgenic lines (OE-9 and OE-10) that exhibited readily detectable expression of Flag-HA-14-3-3 l ( Figure 4C ) were used for further studies. When 5-d-old seedlings were transferred to Murashige and Skoog medium containing 100 mM NaCl, the transgenic plants displayed significantly enhanced growth inhibition in both the root and shoot compared with the growth of Col-0 ( Figure 4D ). Primary root lengths of OE-9 and OE-10 lines were reduced by 20% when compared with those of Col-0 ( Figure  4E ), while the fresh weight was reduced by ;30% relative to that of Col-0 seedlings ( Figure 4F ). (A) In vivo pull-down assay to analyze the interaction between SOS2 and 14-3-3 l. Ten-day-old Pro35S:Flag-HA-SOS2 transgenic seedlings in the sos2-2 background were left untreated or treated with 100 mM NaCl for 12, 24, or 36 h, and then Flag-HA-SOS2 was immunoprecipitated with anti-HA antibody-conjugated agarose. The resulting proteins were analyzed by immunoblots with anti-14-3-3 l antibody. IB, immunoblot.
(B) Analysis of the phosphorylation status of SCaBP8. Ten-day-old transgenic seedlings with Pro35S:63Myc-SCaBP8 in Col-0 and the 14-3-3 l k double mutant background were left untreated (2) or treated (+) with 100 mM NaCl for 12 h, and Myc-SCaBP8 (Myc-SC8) was immunoprecipitated with anti-C-Myc antibody-conjugated agarose. The resulting Myc-SCaBP8 proteins were analyzed by immunoblots with anti-C-Myc and SCaBP8 antiphosphoserine-237 (anti-p-SC8) antibodies. (C) Kinase assay for Myc-SOS2 purified from Pro35S:63Myc-SOS2 transgenic plants in Col-0 or the 14-3-3 l k double mutant background. GSTSCaBP8 (SC8) was used as the substrate. Experimental details are provided in Methods. CBB, Coomassie Brilliant Blue; Autorad, autoradiograph. To further evaluate whether the salt-sensitive phenotype of the 14-3-3 l overexpression lines was due to decreased SOS2 activity during salt stress, 10-d-old T3 Pro35S:63Myc-SOS2 transgenic seedlings were left untreated and Myc-SOS2 was immunoprecipitated. An equal amount of Myc-SOS2 protein was incubated with total protein extracts prepared from Col-0 or a transgenic 14-3-3 l overexpression line (OE-9) (Figures 4C and 4D), which had been left untreated or treated with 100 mM NaCl for 12 h. The resulting SOS2 proteins were used for in vitro kinase assays with recombinant MBP or GST-tagged SCaBP8 as substrate. Consistent with previous results ( Figure 3C ), SOS2 activity was hardly detectable when Myc-SOS2 was incubated with protein extracts from control Col-0, but transphosphorylation activity increased significantly when Myc-SOS2 was incubated with protein extracts prepared from Col-0 treated with 100 mM NaCl (Supplemental Figures 5A and 5B). By contrast, compared with protein extract from Col-0, the activation of SOS2 was reduced when Myc-SOS2 was incubated with protein extracts from the 14-3-3 l overexpression line treated with 100 mM NaCl (Supplemental Figures 5A and 5B). Moreover, immunoblot analysis revealed that more Flag-14-3-3 protein was associated with Myc-SOS2 when Myc-SOS2 was incubated with the protein extracts from the 14-3-3 l overexpression line than with protein extracts from Col-0 (Supplemental Figure 5C ). Together, these results indicate that 14-3-3 l and 14-3-3 k negatively regulate salt tolerance in Arabidopsis.
14-3-3 l Interacts with the Junction Domain of SOS2
To further elucidate the mechanism underlying 14-3-3 l-mediated repression of SOS2 kinase activity, we mapped the interaction region in the SOS2 protein. Previously, we identified four domains in SOS2: the N-terminal kinase domain (KD), the junction domain (JD), and the FISL/NAF motif and PPI domains in the C terminus (Albrecht et al., 2001; Guo et al., 2001; Ohta et al., 2003) . We generated various truncated variants of the SOS2 protein, including KD, JD plus the C terminus (JD-CT), the C terminus alone (CT), and a C-terminal domain without the FISL domain (CTDFISL) (Supplemental Figure 6A) . All of these truncated proteins were fused with a Myc tag and transiently coexpressed in Arabidopsis leaf protoplasts with Flag-HA-14-3-3 l. Truncated versions of Myctagged SOS2 were immunoprecipitated with anti-C-Myc antibodyconjugated agarose, and 14-3-3 l was detected with an anti-Flag antibody. The JD-CT peptide but not the C-terminal peptide pulled down 14-3-3 l ( Figure 5A ), suggesting that only the junction domain of SOS2 is necessary for the interaction with 14-3-3 l. The junction domain in SOS2 is essential for its kinase activity, since deletion of the domain results in the loss of kinase activity (Guo et al., 2001) . We then determined whether the junction domain is sufficient for this interaction using multiple approaches. First, the junction domain was fused to a Myc tag, and the resulting construct was coexpressed with Flag-HA-14-3-3 l in Arabidopsis leaf protoplasts. Full-length SOS2 (SOS2-FL) and SOS2-KD were used as controls. Consistent with previous results, SOS2 interacted with 14-3-3 l while SOS2-KD did not. SOS2-JD alone interacted with 14-3-3 l ( Figure 5B ). Second, yeast two-hybrid analyses were also used to further verify whether SOS2-JD interacts with 14-3-3 l. Coding regions of SOS2-FL, SOS2-KD, and SOS2-JD were cloned into the pGBKT7 vector, while 14-3-3 l was cloned into the pGADT7 vector. The resulting pGBKT7-SOS2-FL, -KD, or -JD was cotransformed with pGBKT7-14-3-3 l into yeast strain AH109. Both SOS2 and SOS2-JD interacted with 14-3-3 l; however, no interaction was detected between SOS-KD and (A) Analysis of the salt sensitivity of Col-0 and the 14-3-3 l k double mutant in soil. Three-week-old soil-grown seedlings were left untreated or treated with 150 mM NaCl for 2 weeks. (B) Analysis of chlorophyll content for seedlings in (A). Error bars represent SD (n > 6). Statistical significance was determined by Student's t test; significant differences (P # 0.05) are indicated by different lowercase letters. Experimental details are provided in Methods.
(C) Immunoblot analysis of the protein level of 14-3-3 l in Col-0 and two independent lines of Pro35S:Flag-HA-14-3-3 l transgenic plants in the Col-0 background (OE-9 and OE-10). Actin was used as a loading control. IB, immunoblot. (D) Analysis of the salt sensitivity of Col-0 and two independent lines of Pro35S:Flag-HA-14-3-3 l transgenic plants in the Col-0 background (OE-9 and OE-10) on plates. Five-day-old seedlings were transferred to Murashige and Skoog medium (MS) without or with 100 mM NaCl. Photographs were taken 10 d after transfer. (E) Analysis of root length for seedlings in (D). Error bars represent SD (n > 10). Statistical significance was determined by Student's t test; significant differences (P # 0.05) are indicated by different lowercase letters. Experimental details are provided in Methods. (F) Analysis of fresh weight for seedlings in (D). Error bars represent SD (n > 10). Statistical significance was determined by Student's t test; significant differences (P # 0.05) are indicated by different lowercase letters. Experimental details are provided in Methods.
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The Plant Cell 14-3-3 l ( Figure 5C ). Third, in vitro pull-down analysis was also used to determine whether SOS-JD is sufficient for SOS2-14-3-3 l interaction. Recombinant GST-tagged SOS2-JD or GST tag alone was coexpressed with polyhistidine-tagged 14-3-3 l in E. coli DE3, and then GST or GST-tagged recombinant proteins were purified by Glutathione Sepharose (GE Healthcare). Recombinant proteins were detected using Coomassie blue staining, and polyhistidine-tagged 14-3-3 l associated with SOS2-JD was detected by immunoblot analysis with anti-His or anti-14-3-3 l antibody. Consistent with previous results, GST-tagged SOS-JD but (A) Analysis of the interaction between different versions of truncated SOS2 protein and 14-3-3 l in Arabidopsis leaf protoplasts. Purified plasmids of Pro35S:63Myc-SOS2-KD, -SOS2-JD-CT, -SOS2-CT, and -SOS2-CTDFISL were cotransformed into Arabidopsis leaf protoplasts with purified Pro35S: Flag-HA-14-3-3 l plasmid. Transiently expressed proteins were immunoprecipitated with anti-C-Myc antibody-conjugated agarose. Immunoblot assays with anti-C-Myc and anti-Flag antibodies were used to detect Myc-SOS2 and SOS2-interacting 14-3-3 l, respectively. Asterisks indicate nonspecific bands. IB, immunoblot. Experimental details are provided in Methods.
(B) Analysis of the interaction between the junction domain of SOS2 and 14-3-3 l in Arabidopsis leaf protoplasts. Purified plasmids of Pro35S:63Myc-SOS2-JD, -SOS2-FL, and -SOS2-KD were cotransformed into Arabidopsis leaf protoplasts with purified Pro35S:Flag-HA-14-3-3 l plasmid. Transiently expressed proteins were immunoprecipitated with anti-C-Myc antibody-conjugated agarose. Immunoblot assays with anti-C-Myc and anti-Flag antibodies were used to detect Myc-SOS2 and SOS2-interacting 14-3-3 l, respectively. Experimental details are provided in Methods. (E) Analysis of the interactions between SOS2, SOS2 S294A , SOS2 S294D , and 14-3-3 l in Arabidopsis leaf protoplasts. Purified Pro35S:63Myc-SOS2, -SOS2 S294A , -SOS2 S294D , and Pro35S:Flag-HA-14-3-3 l plasmids were cotransformed into Arabidopsis leaf protoplasts. Transiently expressed proteins were immunoprecipitated with anti-C-Myc antibody-conjugated agarose. Immunoblot assays with anti-C-Myc and anti-Flag antibodies were used to detect Myc-SOS2 and SOS2-interacting 14-3-3 l, respectively. Experimental details are provided in Methods.
(F) Yeast two-hybrid analysis of the interactions between SOS2, SOS2 S294A , SOS2 S294D , and 14-3-3 l. Yeast strains expressing the indicated constructs were grown on synthetic complete medium without Trp and Leu (left panel) and on synthetic complete medium without Trp, Leu, and His (right panel). Photographs were taken after 4 to 5 d of growth on the indicated medium. Panels show yeast serial decimal dilutions. Experimental details are provided in Methods.
(G) Analysis of the interactions between SOS2, SOS2 K40N-S294A , SOS2 K40N-S294D , and 14-3-3 l in Arabidopsis leaf protoplasts. Purified Pro35S:63 Myc SOS2-K40N , -SOS2 K40N-S294A , and SOS2 K40N-S294D plasmids were transformed into Arabidopsis leaf protoplasts. Transiently expressed proteins were immunoprecipitated with anti-C-Myc antibody-conjugated agarose. Immunoblot assays with anti-C-Myc and anti-14-3-3 l antibodies were used to detect Myc-SOS2 and SOS2-interacting 14-3-3 l, respectively. Experimental details are provided in Methods.
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Inhibition of the SOS Pathway 7 of 17 not the GST tag pulled down 14-3-3 l (Supplemental Figure 6B ). These results demonstrate that the junction domain of SOS2 is both necessary and sufficient to mediate interaction with 14-3-3 l.
Phosphorylation of Ser-294 in SOS2 Enhances the Interaction with 14-3-3 l 14-3-3 proteins have been shown to associate with phosphoproteins by recognizing phosphoserine or phosphothreonine within conserved binding motifs. 14-3-3 l binds to the junction domain of SOS2; however, this domain does not include any of the typical 14-3-3 binding consensus motifs, and only one Ser (Ser-294) and no Thr residues are present in this domain ( Figure 5D ). We next performed assays to identify autophosphorylation and transphosphorylation sites in SOS2 in an in vitro plant system. For this purpose, STREPII-tagged SOS2 protein was expressed in a coupled in vitro transcription/translation system based on wheat germ (Triticum aestivum) extracts (Hashimoto et al., 2012) and analyzed by MS. Using this approach, we identified the peptide AVFDGIEGSYVAENVER to be phosphorylated and determined that the predicted phosphorylated amino acid corresponds to SOS2 Ser294 (Supplemental Figure 7) . We subsequently analyzed, by MS, wheat germ-expressed STREPII-SOS2 K40N , a mutant that does not autophosphorylate due to its lack of kinase activity . After translation of this mutated version of SOS2 in wheat germ extracts, we again identified the peptide containing Ser-294 as being phosphorylated. The detection of Ser-294 phosphorylation in both the active and kinase-dead variants of SOS2 indicates that phosphorylation of this residue is not due to autophosphorylation but results from transphosphorylation by a putative upstream kinase.
To determine whether Ser-294 is required for the recognition of 14-3-3 l, we generated two mutated forms of SOS2, with Ser-294 changed to Ala (SOS2 S294A ), which cannot be phosphorylated, or Asp (SOS2 S294D ), a putative phosphorylation mimic substitution. Pro35S:63Myc-SOS2 S294A , Pro35S:63Myc-SOS2 S294D , as well as Pro35S:63Myc-SOS2 were coexpressed with Pro35S:Flag-HA-14-3-3 l in Arabidopsis leaf protoplasts. Transiently expressed Myc-SOS2 and its mutated forms were immunoprecipitated with anti-C-Myc antibody-conjugated agarose, and 14-3-3 l was detected with anti-Flag antibody. The SOS2 S294A mutation decreased the SOS2 interaction with 14-3-3 l, while the SOS2 S294D mutation enhanced this interaction under these experimental conditions ( Figure 5E ). We further tested these interactions in yeast. SOS2 S294A and SOS2 S294D were cloned into the pGBKT7 vector, and different combinations of SOS2, 14-3-3 l, and empty vectors were coexpressed in yeast strain AH109. As observed in the immunoprecipitation assays, the SOS2 S294A mutation reduced the SOS2 interaction with 14-3-3 l; however, the SOS2 S294D mutation had no significant effect on the interaction with 14-3-3 l in yeast ( Figure 5F ). Also, in vitro pull-down analysis was used to determine the effect of the Ser-294 mutation on the interaction of SOS2 with 14-3-3 l. Recombinant GST-tagged SOS2, SOS2 S294A , and SOS2 S294D or GST tag alone were coexpressed with polyhistidine-tagged 14-3-3 l in E. coli DE3 cells, and then GST or GST-tagged recombinant proteins were purified by Glutathione Sepharose (GE Healthcare). Recombinant proteins were detected using Coomassie blue staining, while polyhistidine-tagged 14-3-3 l associated with SOS2 or its mutated versions was detected through immunoblot analysis with anti-His or anti-14-3-3 l antibody. GST-tagged SOS2 as well as SOS2 S294A and SOS2 S294D pulled down 14-3-3 l. SOS2 S294D displayed a slightly stronger interaction with 14-3-3 l than SOS2 or SOS2 S294A (Supplemental Figure 6C) . Together with the in vivo results, our data suggest that the phosphorylation of SOS2 Ser294 enhances but is not absolutely essential for SOS2 interaction with 14-3-3 proteins in in vitro or overexpression conditions.
To further determine whether SOS2 Ser294 plays a role in the interaction of SOS2 with 14-3-3 proteins in planta, firefly luciferase complementation experiments were used to quantitatively analyze their interaction (Chen et al., 2008) . Consistent with our previous data, SOS2 interacted with 14-3-3 l, and this interaction was reduced by the S294A mutation but increased by the S294D mutation (Supplemental Figure 6D) . These results support the conclusion that phosphorylation of Ser-294 enhances the stability of a SOS2-14-3-3 protein complex and thereby shifts the cellular balance of active and inactive SOS2 kinase toward its inactive form.
We next determined whether autophosphorylation of SOS2 has an effect on the interaction between SOS2 and 14-3-3 l. The two variants of SOS2 with mutated Ser-294, SOS2 K40N-S294A and SOS2 K40N-S294D , were generated in a SOS2 kinase-dead background (SOS2 K40N ) . Pro35S:63Myc-SOS2 K40N , Pro35S:63Myc-SOS2 K40N-S294A , and Pro35S:Myc-SOS2 K40N-S294D were transiently expressed in Arabidopsis leaf protoplasts. SOS2 and its variants were subsequently immunoprecipitated with anti-C-Myc antibody-conjugated agarose, and coimmunoprecipitating proteins were probed with anti-14-3-3 l antibodies. Further supporting the result presented in Figure 5E , the SOS2 K40N-S294A mutation reduced the SOS2 association with 14-3-3 l and the SOS2 K40N-S294D mutation enhanced the interaction between these two proteins ( Figure 5G ). Together, these results suggest that transphosphorylation of SOS2 Ser294 enhances but is not absolutely essential for the SOS2 interaction with 14-3-3 proteins.
SOS2 Ser294 Is Critical for the Repression of SOS2 Kinase Activity by 14-3-3 l
We next determined whether Ser-294 is phosphorylated in Arabidopsis and whether it is required for the repression of SOS2 kinase activity by 14-3-3 l. Myc-tagged SOS2 K40N , SOS2 K40N-S294A , and SOS2 K40N-S294D were transiently expressed in Arabidopsis leaf protoplasts and immunoprecipitated with anti-C-Myc antibody-conjugated agarose. The phosphoserine/ phosphothreonine signal was analyzed using antiphosphoserine/ antiphosphothreonine polyclonal antibodies. The phosphorylation signal was slightly lower in SOS2 K40N-S294A and SOS2 K40N-S294D than that in SOS2 K40N ( Figure 6A ). These data together with the previous MS result (Supplemental Figure 7) indicate that SOS2 Ser294 is transphosphorylated in planta.
To determine if 14-3-3 l represses SOS2 activity through Ser-294 in SOS2, we first excluded the possibility that mutations at Ser-294 affect SOS2 kinase activity toward its substrate SCaBP8. Recombinant GST-tagged SOS2, SOS2 S294A , and SOS2 S294D were purified from E. coli. In vitro kinase assays using SCaBP8 as substrate revealed similar transphosphorylation activities for SOS2, SOS2 S294A , and SOS2 S294D (Supplemental Figure 8A) .
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The Plant Cell Next, we investigated the influence of 14-3-3 proteins on the activity of different versions of SOS2. Recombinant polyhistidinetagged 14-3-3 l was purified from E. coli and incubated with GST-tagged SOS2, SOS2 S294A , and SOS2 S294D for in vitro kinase assays with SCaBP8 as substrate. 14-3-3 l did not repress the transphosphorylation activity of the SOS2 S294A protein but partially repressed the activity of the SOS2 and SOS2 S294D proteins ( Figure 6B ; Supplemental Figure 8B ). In contrast, SOS2 autophosphorylation activity was not altered by 14-3-3 l. These results suggest that a potentially phosphorylatable Ser (Ser-294) in SOS2 is important for enabling 14-3-3 proteins to repress SOS2 kinase activity.
Finally, we determined if the phosphorylation of SOS2 S294 is required for SOS2 repression by 14-3-3 l in planta. Pro35S:63 Myc-SOS2 S294A and Pro35S:63Myc-SOS2 S294D transgenic plants were generated in the Col-0 background, and T3 seedlings were treated with 100 mM NaCl for 12 h. Myc-tagged wild-type and mutated SOS2 proteins were purified with anti-C-Myc antibodyconjugated agarose and used in in vitro kinase assays with SCaBP8 as substrate. Consistent with previous in vitro results, SOS2 kinase activity was repressed by polyhistidine-tagged 14-3-3 l recombinant protein; 14-3-3 l did not affect the activity of SOS2 S294A , while the activity of SOS2 S294D was repressed more than that of wild-type SOS2 by 14-3-3 l ( Figure 6C ; Supplemental Figure 8C ). We also generated Pro35S:63Myc-SOS2 S294A and Pro35S:63Myc-SOS2 S294D transgenic plants in the 14-3-3 l k background. T3 seedlings were left untreated or treated with 100 mM NaCl for 12 h. Myc-tagged wild-type and mutated SOS2 proteins were purified with anti-C-Myc antibody-conjugated agarose and used in in vitro kinase assays with SCaBP8 as substrate. The kinase activities of SOS2, SOS2 S294A , and SOS2 S294D were similar with and without salt ( Figure 6D ; Supplemental Figure 8D ).
Taken together, these results indicate that Ser-294 is required for the repression of SOS2 kinase activity by the 14-3-3 proteins and that transphosphorylation of Ser-294 enhances the inhibitory effect of the 14-3-3 proteins.
Mutation in Ser-294 Alters SOS2 Function in Salt Tolerance in Arabidopsis
To examine if Ser-294 is important for SOS2 function in plant salt tolerance, 5-d-old T3 transgenic plants containing Pro35S:63 Myc-SOS2, -SOS2 S294A , or -SOS2 S294D in the sos2-2 mutant background as well as the wild type (gl1/gl1) and the sos2-2 mutant were transferred to Murashige and Skoog medium without or with 50 or 75 mM NaCl. At least three transgenic lines were used for the analysis of salt sensitivity, and one representative line for each transgenic plant is presented in Figures 7A and 7B . SOS2 and SOS2 S294A complemented the sos2-2 salt-sensitive phenotype to wild-type levels. However, SOS2 S294D only partially rescued the phenotype (Figures 7A and 7B ). Protein levels of SOS2, SOS2 S294A , and SOS2 S294D were similar ( Figure 7C ). Furthermore, immunoblot analysis revealed that Myc-SOS2 S294D bound more 14-3-3 proteins than Myc-SOS2 and Myc-SOS2 S294A during salt stress (Supplemental Figure 9) . These data suggest that the regulated phosphorylation of Ser-294 in SOS2 is required for a proper response to salt stress in Arabidopsis.
Taken together, our results indicate that 14-3-3 proteins function in salt tolerance in plants by modulating SOS2 activity through Ser-294 in SOS2.
DISCUSSION
In response to salt, a calcium signal activates the SOS pathway by binding to the SOS3 and SCaBP8/CBL10 calcium binding proteins, which activate the SOS2 protein kinase to regulate the SOS1 PM Na + /H + antiporter. SOS2 is a key regulator in the SOS pathway, relaying the signal to downstream changes through phosphorylation (Guo et al., 2001; Quintero et al., 2011) .
Significant information is available about the domains that are important for SOS2 activity when plants are grown in salt. For example, the SOS2 C terminus functions as an autoinhibitory domain for SOS2 kinase activity by interacting with the SOS2 N-terminal kinase domain through the FISL/NAF motif (Albrecht et al., 2001; Guo et al., 2001) . When SOS3 and SCaBP8 are activated by calcium, they bind to the FISL domain of SOS2 (in different tissues) to release the SOS2 kinase domain for substrate access. Activation of SOS2 also requires the SOS2 junction domain that is located between the kinase and regulatory domains, since deletion of this domain results in SOS2 inactivation (Guo et al., 2001 ). (A) Analysis of the phosphorylation status of SOS2 K40N , SOS2 K40N-S294A , and SOS2 K40N-S294D in Arabidopsis leaf protoplasts. The phosphorylation status of transiently expressed Myc-tagged SOS2 K40N , SOS2 K40N-S294A , and SOS2 K40N-S294D (shown in Figure 5G ) was analyzed using antiphosphoserine/phosphothreonine (anti-p-S/T) polyclonal antibodies. IB, immunoblot. Experimental details are provided in Methods. (B) Kinase assays for recombinant SOS2, SOS2 S294A , and SOS2 S294D with or without 14-3-3 l. SCaBP8 (SC8) was used as the substrate. CBB, Coomassie Brilliant Blue; Autorad, autoradiograph. Experimental details are provided in Methods. (C) Kinase assay for Myc-SOS2, -SOS2 S294A , and -SOS2 S294D purified from Col-0 with or without 14-3-3 l. SCaBP8 was used as the substrate. Experimental details are provided in Methods. (D) Kinase assay for Myc-SOS2, -SOS2 S294A , and -SOS2 S294D purified from the 14-3-3 l k double mutant. SCaBP8 was used as the substrate. Experimental details are provided in Methods. (A) Analysis of the salt sensitivity of Col-0 (gl1/gl1), sos2-2, and different transgenic plants expressing Myc-SOS2, -SOS2 S294A , or -SOS2 S294D in the sos2-2 background. Five-day-old seedlings were transferred to Murashige and Skoog medium (MS) without or with 50 or 75 mM NaCl. Photographs were taken 10 d after transfer. (B) Analysis of fresh weight for seedlings in (A). Error bars represent SD (n > 10). Statistical significance was determined by Student's t test; significant differences (P # 0.05) are indicated by different lowercase letters. Experimental details are provided in Methods. (C) Protein levels of SOS2 and its mutated variants in transgenic plants used in (A). Actin was used as a loading control. IB, immunoblot. Experimental details are provided in Methods. (D) A working model for 14-3-3 protein function in salt tolerance. When grown in the absence of salt, SOS2 Ser294 may be phosphorylated by an unknown upstream kinase and binds to the 14-3-3 proteins, resulting in SOS2 activity inhibition. Salt stress decreases interaction between the 14-3-3 proteins and SOS2, releases SOS2 activity, and activates SOS1 Na + /H + antiport activity for salt tolerance. 14-3-3 proteins function as modulators to keep the SOS pathway at a basal inactive state and as switches to turn on the SOS pathway when plants are challenged by salt.
Inhibition of the SOS Pathway
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The Plant Cell However, the mechanisms underlying SOS pathway suppression when plants are not exposed to salt stress have remained poorly understood. Most recently, Kim et al. (2013) reported that SOS2 is repressed by GI in the absence of salt stress and that exposure to salt stress causes the degradation of GI protein. The SOS2-GI interaction occurs via the SOS2 C terminus and is released by coexpression of SOS3 in vitro (Kim et al., 2013) . It is still not well understood how SOS2 is maintained in an inactive state when plants are grown in the absence of salt compared with its activation or how the SOS2 junction domain functions in vivo. In this study, we identified 14-3-3 proteins as additional negative regulators of SOS2 in planta. 14-3-3 proteins bind to the SOS2 junction domain and thereby inhibit SOS2 kinase activity when plants are not challenged by salt stress. Our results provide critical mechanistic information for how the SOS pathway is suppressed in the plant in nonstress conditions and report a function of the SOS2 junction domain in vivo ( Figure 7D ).
In plants, 14-3-3 proteins are ubiquitous regulators of diverse target proteins. These proteins include protein kinases such as mitogen-activated protein kinases, CDPKs, BKI1, and SNF1-related protein kinases (Ikeda et al., 2000; Oh et al., 2010; Sorokina et al., 2011; Wang et al., 2011; Lachaud et al., 2013) . SOS2 belongs to the SnRK3 subfamily that includes 26 members in Arabidopsis (Hrabak et al., 2003; Weinl and Kudla, 2009) . A wheat SnRK3 kinase, WPK4, was reported to interact with two 14-3-3 proteins (Ikeda et al., 2000) . Two 14-3-3 binding motifs in the WPK4 regulatory domain are required but not essential for the interaction, suggesting that additional sites may also be involved. These two motifs, which are located just before and after the FISL motif in WPK4, are conserved in only a few SOS2-like protein kinases (PKS/CIPK) but not in SOS2. Instead, we found that in SOS2, the interaction with 14-3-3 proteins is mediated by the SOS2 junction domain and that the binding peptide does not contain a conserved 14-3-3 binding motif.
Our data establish that phosphorylation of Ser-294 in the junction domain enhances the interaction stability between SOS2 and 14-3-3 l but may not represent an essential prerequisite for binding. Nonphosphorylated E. coli SOS2 as well as SOS2 S294A mutants were able to interact with 14-3-3 l in our experimental conditions. Phosphorylation-independent interactions with 14-3-3 proteins have been reported earlier, and one possible explanation is that the presence of negatively charged amino acids can, to some extent, compensate for the absence of a phosphate group (Wang et al., 1999; Fuglsang et al., 2003) . The SOS2 junction domain contains a large number of negatively charged residues (12 out of 41 amino acids are either Asp or Glu). It is possible that these negative charges may be sufficient to mediate the basal interaction between SOS2 and 14-3-3 l. However, we cannot fully exclude the possibility that our experimental conditions, which required the overexpression of proteins, or these analyses in in vitro conditions may have masked the lack of interaction between SOS2 and 14-3-3 in the absence of Ser-294 phosphorylation and that the interaction of SOS2 and 14-3-3 when Ser-294 is changed to Ala or Asp might be due to a conformational change of SOS2 that does not necessarily reflect the phosphorylation state of SOS2.
Although Ser-294 in the junction domain may not be absolutely required for the interaction with 14-3-3 proteins, it is clearly critical for the 14-3-3-mediated repression of SOS2 and is also important for SOS2 function in plant salt tolerance. Our MS analyses of enzymatically active and inactive SOS2 protein, generated in plant extracts, indicate that Ser-294 is transphosphorylated by an unknown upstream kinase(s) in vivo (Supplemental Figure 7) . The fact that mutation of Ser-294 results in a reduced SOS2 phosphorylation signal after the expression of inactive SOS2 in plant protoplasts ( Figure 6A ) further supports this conclusion. Ser-294 is not part of any known recognition motif for Arabidopsis kinases, making it difficult to predict the identity of the kinase(s) responsible for SOS2 phosphorylation. One important future goal for our understanding of salt stress signaling in plants will be the identification of these upstream kinases as well as the phosphatase(s) responsible for the dephosphorylation of Ser-294 and, thereby, for the disassociation of 14-3-3 proteins at the onset of salt stress.
Because the junction domain is essential for SOS2 kinase activity (Guo et al., 2001) , it is conceivable that the association of 14-3-3 l blocks SOS2 active sites or induces conformational changes that result in the repression of SOS2 kinase activity. Future crystal structure analysis of the SOS2-14-3-3 complex may allow us to address these models.
In interaction studies of 14-3-3 proteins with SOS2 and in substrate phosphorylation analyses, we observed only partial modulation of interaction and kinase activity by mutation of SOS2 Ser294 to forms that cannot be phosphorylated or that potentially represent a phosphomimic. These results suggest that additional, currently unknown, auxiliary proteins may contribute to the regulation of SOS2 by 14-3-3 proteins. Additional (trans)phosphorylation events in other domains of SOS2 may also affect the folding of the kinase and, in this way, contribute to 14-3-3 regulation. However, it is important to consider that SOS2 is only one component of a complex signaling network that, in Arabidopsis, is formed by specific interactions between 10 calcium sensor proteins and 26 kinases Hashimoto and Kudla, 2011) . In this network, SOS2 interacts with several known targets that are distinct from SOS1 (e.g., GI and nucleoside dikinase) and likely regulates many additional unknown targets in different compartments and tissues. Based on this complexity, a complete "on/off" regulation of SOS2 activity by the 14-3-3 proteins would quite likely impair the function of SOS2 relative to its other targets and be physiologically disadvantageous for the plant. Therefore, the partial modulation of SOS2 interaction and activity by 14-3-3 regulation we observed in our assays likely represents a mechanism to balance the diverse functions of SOS2 in complex cellular networks.
Different members of the 14-3-3 protein family are involved in many different cellular responses, such as stomatal opening (Tseng et al., 2012) , alkaline stress (Xu et al., 2013) , and brassinosteroid signaling (Wang et al., 2011) . It is not fully understood how the different 14-3-3 proteins are coordinated to regulate these different responses. The existence of various 14-3-3 targets related to ion homeostasis may also contribute to the phenotype of the 14-3-3 l k double mutant during salt stress. Therefore, currently, we cannot fully exclude that misregulation of the expression balance of other members of the 14-3-3 protein family in the 14-3-3 l k double mutant contributes to the observed phenotypes.
14-3-3 proteins exert their regulatory function on SOS2 under nonstress conditions and disassociate in the presence of salt stress. It is conceivable that disassociated 14-3-3 proteins may modulate the activity of targets different from SOS2 during salt stress. Salt stress responses in plants involve the regulation of distinct physiological processes, and their balanced coordination is crucial to achieve full salt tolerance and the integration of environmental responses with developmental programs (Kim et al., 2013) . For example, sodium extrusion from cells by PM Na + /H + antiporters requires a proton gradient that is created by PM H + -ATPases . Salt stress results in a dramatic induction in PM H + -ATPase activity in plants, underscoring the crucial importance of these transporters in providing the driving energy force for ion transport during salt stress (Niu et al., 1993) . Remarkably, 14-3-3 proteins are also involved in regulating PM H + -ATPase activity. Under resting conditions, the C terminus of the PM H + -ATPase interacts with its central loop to inhibit enzyme activity (Palmgren et al., 1991) . Thr-947 in the C-terminal end of the Arabidopsis PM H + -ATPase AHA2 was shown to be rapidly phosphorylated when environmental conditions change (reviewed in Palmgren, 2001) , creating a 14-3-3 binding site. Subsequent 14-3-3 interaction releases the autoinhibition and activates PM H + -ATPase activity (Fuglsang et al., 1999; Svennelid et al., 1999; Maudoux et al., 2000) . Therefore, it is tempting to speculate that during salt stress, 14-3-3 proteins that disassociate from SOS2 become available to bind to the phosphorylated PM H + -ATPases, leading to their full activation to enhance the formation of a PM proton gradient. Maximal activation of the PM Na + /H + antiporter SOS1 during salt stress would then result from the combined phosphorylation-dependent activation by SOS2 and the enhanced proton gradient generated by fully activated PM H + -ATPases. However, currently available evidence suggests that AHA2 binds 14-3-3 v, while SOS2 binds 14-3-3 l and k. Therefore, additional experiments will be required to determine if the 14-3-3 proteins participating in these two processes are the same or different isoforms.
In addition to potentially enabling the modulation of alternative targets, the relief of inhibition of SOS2 by the release of 14-3-3 protein binding allows for an immediate response upon the onset of salt stress that is not delayed by requirements for gene transcription and RNA translation. Potentially, this would allow for a quick reassociation with SOS2 and other interacting partners if environmental conditions change. Finally, the negative regulation of signaling components during salt stress reported here extends the functional range of this regulatory module beyond primary signaling events in response to hormones like auxin, gibberellic acid, and jasmonic acids and suggests a negative regulation of primary signaling components as an effective and general mechanism of plant signal transduction.
METHODS
Mutants
Arabidopsis thaliana Col-0 was used as the wild type in all experiments except for Figure 7 . The homozygous 14-3-3 l mutant was identified from a SALK line (075219) with a T-DNA insertion in the second intron of At5g10450, and the homozygous 14-3-3 k mutant was identified from a SALK line (071097) with a T-DNA insertion in the second intron of At5g65430. 14-3-3 l was crossed into 14-3-3 k to generate the 14-3-3 l k double mutant for analyses of salt sensitivity. The homozygous sos2-2 mutant was in the gl1/gl1 Col-0 background with a 2-bp deletion in the eighth exon of At5g35410 . The gl1 mutation did not affect the salt-sensitive phenotype. Pro35S:Flag-HA-14-3-3 l transgenic plants in the Col-0 background overexpressing 14-3-3 l were generated, and two T3 transgenic lines (OE-9 and OE-10) were used for further studies. Pro35S:63Myc-SOS2, -SOS2 S294A , and -SOS2 S294D transgenic plants in the sos2-2 mutant background were generated, and representative T3 transgenic lines were used for further analysis with gl1/gl1 Col-0 as the wild type.
Plant Growth and Analysis of Salt Tolerance
Seeds were sterilized in a solution containing 20% sodium hypochlorite and 0.1% Triton X-100 for 10 min, washed with sterile water five times, and sown on Murashige and Skoog medium (containing 2.5% Suc) with 0.3% (for horizontal growth) or 0.5% (for vertical growth) Phytagel agar (Sigma-Aldrich). Plates were kept at 4°C for 2 d, and then seeds were germinated and grown under constant illumination (Philips TLD) at 23°C. For monitoring the response to salt in soil, seedlings of Col-0 and the 14-3-3 l k double mutant were grown in soil under short-day conditions (8 h of light/16 h of dark) for 3 weeks. Subsequently, the soil was irrigated with 150 mM NaCl four times every 3 d, plants were grown for an additional 2 weeks and photographed, and chlorophyll content was analyzed as described (Zhou et al., 2012) . For monitoring salt sensitivity on plates, seedlings were grown vertically on Murashige and Skoog medium under continuous light for 5 d at 23°C and transferred to Murashige and Skoog medium containing different concentrations of NaCl. After the indicated times of vertical growth, seedlings were photographed and primary root length and fresh weight were measured and quantified.
Plasmid Construction
The coding sequences of SOS2, SOS2-KD, SOS2-JD, SOS2-JD-CT, SOS2-CT, and SOS2-CTDFISL were amplified with the FL-Bf/FL-Sr, FLBf/KD-Sr, JD-Bf/JD-Sr, JD-Bf/FL-Sr, FRD-Bf/FL-Sr, and RD-Bf/FL-Sr primers, respectively, and cloned into the pCAMBIA1307-63Myc vector between the BamHI and SalI sites. The coding sequence of 14-3-3 l was amplified with the l-Sf/l-Kr primers and cloned into the pCAMBIA1307-Flag-HA vector between the SalI and KpnI sites. The coding sequences of SOS2 and SOS2-JD were amplified with the FL-Bf/FL-Sr and JD-Bf/JD-Sr primers and cloned into the pGEX-6p-1 vector between the BamHI and SalI sites. The coding sequences of 14-3-3 l and 14-3-3 k were amplified with the l-Bf/l-Sr and k-Bf/k-Sr primers and cloned into the pET-28a vector between the BamHI and SalI sites. The coding sequence of 14-3-3 l was amplified with the l-Bf/l-Sr primers and cloned into the pCAM-BIA1307-63Myc vector between the BamHI and SalI sites. Mutations of Ser-294 to Ala, Ser-294 to Asp, and Lys-40 to Asn in SOS2 were generated with primers SA-f/SA-r, SD-f/SD-r, and KN-f/KN-r, respectively. The coding sequence of the SOS1 C terminus (amino acids 848 to 1146) was amplified with the SOS1-CBf and SOS1-CXr primers or SOS1-CSf and SOS1-CKr primers and cloned into the pMAL-p2x vector between the BamHI and XhoI sites or the pCAMBIA1307-Flag-HA vector between the SalI and KpnI sites, respectively. Primer sequences are found in Supplemental 14 N-labeled seedlings were treated with water, while 15 N-labeled seedlings were treated with 100 mM NaCl for 24 h. Approximately 5 g of plant tissue was ground to a fine powder in liquid nitrogen, and total proteins were extracted in IP buffer (10 mM Tris, pH 7.5, 0.5% Nonidet P-40, 2 mM EDTA, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and 1% protease inhibitor cocktail; Roche). Cell debris was removed by a 10-min centrifugation at 12,000g at 4°C. The supernatant was collected, and protein concentration was determined using the Bio-Rad protein assay. Equal amounts of total protein from both treatments were mixed thoroughly, and Flag-HA-SOS2 was immunoprecipitated with anti-Flag antibodyconjugated agarose. The Flag tag was then cleaved off, and anti-HA antibody-conjugated agarose was used for HA-SOS2 immunoprecipitation from the resulting supernatant. Agarose-bound HA-SOS2 was eluted from HA agarose using an HA peptide (Sigma-Aldrich). After this two-step purification, the resulting SOS2 protein and its interacting proteins were enriched and analyzed by MS.
RT-PCR Analysis
Total RNA was extracted with Trizol reagent (Invitrogen) from 10-d-old seedlings of the wild type or 14-3-3 mutants grown on Murashige and Skoog plates under constant illumination. Total RNA was treated with RNase-free DNase I (TaKaRa) to remove genomic DNA. Ten micrograms of RNA was used for reverse transcription with M-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. Resulting cDNAs were used for RT-PCR analysis with specific primers. ACTIN was used as an internal control. Ethidium bromide staining was used to detect the PCR products. The primer sequences are listed in Supplemental Table 2 .
Preparation of Anti-14-3-3 l Polyclonal Antibodies
Recombinant polyhistidine-tagged 14-3-3 l prepared from Escherichia coli was used as an antigen for polyclonal antibody production in mice.
Protein purification was performed according to the manufacturer's protocol (Qiagen). Recombinant proteins were purified with Ni-NTA agarose (Qiagen), and 2 mg of purified recombinant protein was used for mouse immunization. Serum after immunization was used for antibody specificity tests with samples from 10-d-old Col-0, the 14-3-3 l mutant, the 14-3-3 k mutant, and the 14-3-3 l k double mutant.
Sequence Alignment and Phylogenetic Analysis
Conserved domains of the sequences of the 13 members in the At 14-3-3 protein family were used for phylogenetic analysis. Alignment of amino acid sequences was made using ClustalX 1.83. A phylogenetic tree was constructed using predicted amino acid sequences in MEGA5 (Tamura et al., 2011) .
Coimmunoprecipitation Assays in Arabidopsis Leaf Protoplasts
The coding sequences of SOS2, truncated and mutated versions of SOS2, the SOS1 C terminus, and 14-3-3 l were translationally fused downstream of the C-Myc or Flag-HA epitope and cloned into the pCAMBIA1307 vector. The plasmids were purified by CsCl gradient centrifugation. Protoplast preparation and transformation were performed as described previously (Sheen, 2001) . After overnight incubation at 23°C, the protoplasts were harvested and lysed with 1 mL of IP buffer. The sample was centrifuged at 10,000g for 10 min at 4°C to remove cellular debris. Fifty microliters (5%) of the supernatant was collected as input. The rest of the supernatant was transferred to a tube containing 20 mL of anti-C-Myc agarose (Sigma-Aldrich) and incubated for 2 h at 4°C with gentle mixing. After incubation, the agarose was washed thoroughly four to five times with 1 mL of IP buffer per wash. All immunoprecipitation steps were performed at 4°C. Proteins were probed by immunoblot analysis with anti-C-Myc, anti-Flag, or anti-14-3-3 l polyclonal antibody. The chemiluminescence signals were detected by autoradiography.
Yeast Two-Hybrid Assays
To determine the interaction between SOS2 and 14-3-3 l in yeast, the coding sequences of SOS2 (as well as SOS2 S294A and SOS2 S294D ), SOS2-KD, and SOS2-JD were amplified with the FL-Ef/FL-Sr (for SOS2, SOS2 S294A , and SOS2 S294D ), FL-Ef/KD-Sr, and JD-Ef/JD-Sr primers, respectively, and cloned into the pGBKT7 vector between the EcoRI and SalI sites. The coding sequence of 14-3-3 l was amplified with the l-Ef/ l-Br primers and cloned into the pGADT7 vector between the EcoRI and BamHI sites. Yeast transformation and growth assays were performed as described in the Yeast Protocols Handbook (Clontech). Primer sequences are listed in Supplemental Table 1 .
Bimolecular Fluorescence Complementation Assays
To determine whether the interaction between SOS2 and 14-3-3 l takes place in planta, the coding sequence of SOS2 was amplified with the FLBf/FL-Sr primers while 14-3-3 l was amplified with the l-Sf/l-K(NS)r primers. The resulting fragments were cloned into pSPYNE(R)173 and pSPYCE(M) at the BamHI/SalI and SalI/KpnI restriction sites, respectively (Walter et al., 2004; Waadt et al., 2008) . Primer sequences are listed in Supplemental Table 1 . Plasmids containing YFP N -SOS2 and YFP C -14-3-3 l or YFP N -SOS2 and YFP C were introduced into Agrobacterium tumefaciens GV3101 by electroporation and transformed into Nicotiana benthamiana leaves. Four to 5 d after infiltration, the YFP fluorescence signal was detected using a Zeiss LSM 510 META confocal microscope.
Firefly Luciferase Complementation Imaging Assay
The coding sequence of 14-3-3 l was amplified with the l-Kf/l-Sr primers and cloned into the pCAMBIA-CLuc vector between the KpnI/SalI restriction sites. The coding sequences of SOS2, SOS2 S294A , and SOS2 S294D were amplified with the FL-Kf/FL-S(NS)r primers, and the resulting fragments were cloned into the pCAMBIA-NLuc vector between the KpnI/SalI restriction sites. In these constructs, 14-3-3 l was fused downstream of C-Luc while SOS2 and its mutated versions were fused upstream of N-Luc. Primer sequences are listed in Supplemental Table 1 . The resulting constructs were transformed into Agrobacterium strain GV3101, which was then infiltrated into N. benthamiana leaves. Three days after infiltration, 1 mM D-luciferin (Promega) was sprayed onto the leaves, and the plants were kept in the dark for 5 min. A low-light cooled charge-coupled device camera (ikon-L936; Andor Tech) was used to obtain the Luc signal as described (Chen et al., 2008) . Relative Luc activity was quantified using WinView/32 software.
In Vitro Kinase Assays
All recombinant proteins were purified from E. coli BL21 (DE3). GSTtagged SOS2, SOS2 mutated forms, and the SOS1 C terminus were purified with Glutathione Sepharose (GE Healthcare) according to the manufacturer's protocol. Polyhistidine-tagged 14-3-3 l and 14-3-3 k were purified with nickel-nitrilotriacetic acid agarose (Qiagen) as indicated above. All the Myc-tagged proteins used for in vitro kinase assays were immunoprecipitated with anti-C-Myc antibody-conjugated agarose (Sigma-Aldrich).
Inhibition of the SOS Pathway
For total protein extract preparation, 0.5 g of 10-d-old Col-0 or representative T3 14-3-3 l transgenic line (OE-9) seedlings was left untreated or treated with 100 mM NaCl for 12 h. Seedlings were harvested and ground to a fine powder in liquid nitrogen. Total proteins were extracted in 1 mL of IP buffer. Cell debris was removed by a 10-min centrifugation at 12,000g at 4°C. The supernatant was collected, and protein concentration was determined using the Bio-Rad Protein Assay Kit. Equal amounts of immunoprecipitated Myc-tagged SOS2 were incubated with the resulting total protein extracts for 2 h at 4°C with gentle mixing and used in in vitro kinase assays with MBP or GST-tagged SCaBP8 as the substrate.
Reaction mixtures (30 mL) contained 0.2 mL of [g-32 P]ATP (2 mCi in total) in kinase buffer (20 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 10 mM ATP, and 1 mM DTT), and the in vitro kinase assays were performed at 30°C for at least 30 min (Quan et al., 2007) . Reactions were terminated by the addition of 63 SDS loading buffer and were incubated at 95°C for 10 min. Proteins were separated by SDS-PAGE and stained with Coomassie Brilliant Blue R 250 followed by exposure to a phosphor screen, and signals were obtained by a Typhoon 9410 phosphor imager (Amersham Biosciences). Phosphorylation signals were quantified using ImageQuant 5.0 software.
Phosphorylation of SCaBP8 Ser237 in Planta
The Pro35S:63Myc-SCaBP8 construct was generated and transformed into Col-0 and the 14-3-3 l k double mutant. Ten-day-old T3 transgenic seedlings were left untreated or treated with 100 mM NaCl for 12 h, and MycSCaBP8 was immunoprecipitated with anti-C-Myc antibody-conjugated agarose. The resulting proteins were analyzed by immunoblots with antiSCaBP8-phosphoserine-237 and anti-C-Myc antibodies, and chemiluminescence signals were detected by autoradiography.
Analysis of Promoter Activity and Subcellular Localization
For GUS staining, a 2000-bp genomic DNA fragment from nucleotides 1 to 2000 bp upstream of the translational start site (ATG) of 14-3-3 l was amplified with the lpro-Sf and lpro-Br primers and then cloned into the SalI and BamHI sites of the pCAMBIA1391 vector. For subcellular localization, the SOS2 coding region was amplified with the FL-Xf and FL-B (NS)r primers and cloned into the pCM1205-C-YFP vector using the XbaI and BamHI sites to fuse the target protein to the N terminus of YFP. The 14-3-3 l coding region was amplified with the l-Bf and l-Sr primers and cloned into the pCM1205-GFP vector using the BamHI and SalI sites to fuse the target protein to the C terminus of green fluorescent protein (GFP). The plasmids were transformed into Col-0, and transgenic T3 lines or T2 lines were used for YFP or GFP fluorescence detection or GUS staining. The sequences of primers used are listed in Supplemental Table 1 . For immunoblot analysis, total proteins were extracted from roots, stems, rosette leaves, cauline leaves, flowers, and siliques of 3-week-old wildtype plants grown in soil and analyzed by immunoblots using 14-3-3 l antibodies.
In Vitro Pull-Down Analysis of Protein-Protein Interaction SOS2, SOS2 S294A , SOS2 S294D , and SOS-JD were fused with a GST tag, and recombinant GST-tagged SOS2-JD or GST tag alone was coexpressed with polyhistidine-tagged 14-3-3 l in E. coli BL21 (DE3). GST or GST-tagged recombinant proteins were purified by Glutathione Sepharose according to the manufacturer's protocol (GE Healthcare) and detected by Coomassie Brilliant Blue R 250 staining, while associated polyhistidine-tagged 14-3-3 l was detected by immunoblot analysis with anti-His or anti-14-3-3 l antibody. Polyhistidine-tagged 14-3-3 l was purified from these coexpressing E. coli DE3 strains and used as a loading control.
Expression and MS Analysis of STREPII-SOS2 Variants
The generation of pIVEX1.3(WG)-STREPII-SOS2 has been described previously (Hashimoto et al., 2012) , and pIVEX1.3(WG)-STREPII-SOS2 K40N was generated based on this construct by site-directed mutagenesis with the KN-f and KN-r primers as described (Hashimoto et al., 2012) . STREPII-SOS2 and STREPII-SOS2 K40N were expressed using the RTS 500 Wheat Germ CECF Kit (5 PRIME) as described recently (Drerup et al., 2013) . For MS analysis, unpurified protein samples were run on an SDS gel and stained with Coomassie Brilliant Blue R 250. The stained protein bands corresponding to the SOS2 protein were excised and subsequently fragmented using the endoproteinase trypsin as described (Shevchenko et al., 1996) . No reduction or alkylation steps were performed. Phosphopeptide enrichment was performed using TiO 2 tips (NT2TIO; Glygen). Separation of peptides was conducted on the Ultimate 3000 Nanoflow HPLC system (Dionex) coupled to the nanospray source of an LTQ Orbitrap XL mass spectrometer (Thermo Finnigan). The mass spectrometer was operated in positive ion mode. MS full scans (m/z 400 to 2000) were acquired by Fourier transform ion cyclotron resonance MS in the Orbitrap at a resolution of 60,000 with internal lock mass calibration on m/z 445.12003. The five most intense ions of each full scan were fragmented in the linear ion trap by collision-induced dissociation (35% normalized collision energy). Fragment ions exhibiting a neutral loss of 24.5, 32.7, 49, and 98 D corresponding to the neutral loss of phosphoric acid were activated further, while the remaining MS2 ions were stored in the ion trap (multistage activation) (Schroeder at al., 2004) . After the second activation step, MS2 and MS3 ions were simultaneously analyzed in the mass analyzer of the ion trap. For the identification of peptides, multistage activation spectra were matched against the STREPII-SOS2 and STREPII-SOS2 K40N peptide sequences using OMSSA 2.1.4 (Geer et al., 2004) , X!Tandem CYCLONE 2010.12.01 (Craig and Beavis, 2004) , and Sequest (Eng et al., 1994) . Phosphopeptide identifications and phosphorylation site localizations were validated by manual inspection of fragmentation spectra.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At5g35410 (SOS2), At5g10450 (14-3-3 l), At5g65430 (14-3-3 k), At2g01980 (SOS1), At4g33000 (SCaBP8), and At5g59890 (ADF4).
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Supplemental Figure 1 . Analysis of the Interaction between 14-3-3 l and the SOS1 C Terminus in Arabidopsis Leaf Protoplasts.
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